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FOREWORD -

ThlSVlS a spec1a1 techn1ca1 report of a study con-
ducted by the Electrical Englneerlng Department Auburn
University, in cooperation with Pro;ect NAS8-20765,
uconcerned with the automatlc frequency control of
telemetry transmitting. Mr. Larry Bpsser, who condudred |

this research, was supported by fellowship funds.
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ABSTRACT

‘This study is concerned with the designrand analysis
of an autométic fiequency control system utilizing a
voitége-contfolled Colpitts oscillator and a Foster-
beeley discriminator analyzéd_bj methddé common to feed-
back control. From this analysis, criteria which may be
useful in the design of a physical system are found.

' The design criteria for the circuit of the automatic
frequency control system are presentea, and the aécuracy
of the éystem is shown to depend upon the value of the
open-loop gain of thé.system, the frequency stabi;ity
of iﬁdividual components in the sfstem, and the character-
istics 6f a low-pass filter"inclﬁded in.thé feedback path
of thé.system;

A model ofrthe system'analyzed, operatihé ét a
ffequency of the 440 kHz for convenience, Was'cbnstruétéd}
) The results of the‘sevéral tests pérforﬁed on the model
are presented. |

The effects of individual cbmponents on the syéteﬁ
are stﬁdied,and methods of selecting the compoﬁents fér
a particular system are given. 'It is shown thaf the closed-
loop frequency stability of.the oscillator ﬁay exceed the
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sfability of the refereﬁcé frequehcy of the discriminator
in somé-cases. This is confirmed by a test performed
which shows that by using a discriﬁihator with a center -
frequenéy stability of .1 percenf and”aﬁ oscillator wifh

an open—lopp‘stability of 1.5 percent over a temperature
Irange Qf 5°C to 70°C, the overall fregﬁency stability 6£
the system can exceed .05 percent over the same temperature
range. This waé accoﬁplished'by making‘fhé slopes of‘the‘-
frequency versus temperature curves of the oscillatorl

and the discriminator of opposite sense.
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- THE DESIGN AND ANALYSIS OF AN AUTOMATIC
FREQUENCY CONTROL SYS5TEM

L. A. Rosser and M. A. Honnell
I. INTRODUCTION

Several different types of automatic freguency con-
trol systems are commonly empioyed. ‘In éOme a constant
frequency difference is maintained between a referencé
frequency and the controlled frequency.' In others an
attem@t is made to maintain zero frequency difference
' between the reference frequency énd the'éontrolied
frequency. The analysis presented here is concerned
with the latter. |

If frequency stability is the only requirement,
then there are no great difficulties encountered in the
‘design of a stable oscillatér. Oscillatoré utilizing the

-

mechaniéal resonance of a crystal to determine frequency
can'be built with a frequency stability.of 1X10_§% [1}.
However, the same factors which give the crystal oscilla- '
tor its stability. also limit its capabiliﬁy_for direct

| frequency modulation. I£ should be realized that the
‘requiremenf that an oscillator cover a range of frequencies

imposes difficulties not present for fixed frequency

oscillators [2].
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" The need for a method of frequency stabilization of

frequency modulatedrbscillétors was fecognized long ago.
[3], and the design of a system which would accomplish
this purpose followed soon after [4]. There are many
methods now available for stabiliéing the frequency of
oscillation of frequency modulation transmission systems
which use an oscillator with the capability of swinging
over a range of’frequencies;  Perhaps.the'oldest‘and,the
simplest is the discriminator automatic fregquency conﬁrol
syétem. Its simplicity and economical construction are
factors which make this system more desirable than others.
| Aqtomatic frequency‘control~(AFC) is' a closed-loop
regulating system which autbmaticallgkadjusts an oscilla-
For to méintain a constant average fregquency at'the out-
éut of‘the device. The avérage frequency ﬁill'remain
consfant but the instantaneous frequéncy willrvary if
infofmation ié applied through frequency.mddulatioﬁ.

There are tw6 basic requireﬁents for any automatic .
freqﬁency control system. It must have a frequéncy- |
controllable oscillator and some fofm of.frequenéy sensi-
tive:detedtor whose output is fed to an‘oséiliato:
. frequency control circuit. |

In an automatic fregquency control system the oﬁﬁput
of an oscillatof is fed into a circuit whose-output is
‘a function of the difference between the frequency of the

oscillator and the reference frequency of the circuit.
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3 . .
The output of thé detecting circuit is‘then applied to
the oscillator freqﬁénby control circuit in such a manner
as to reduce the frequencf difference, thus reducing the
“-eiror in the oscillator frequency. This.system requires.
a small; but finite, error of the controlled variable (the
: duiput frequency) in order to operate. Systems avoiding

tﬁié sﬁeady state error have been designed [SI.



" II. THEORETICAL ANALYSIS

.E Figure“l'sﬁows the basic components of an elementary
_automatic frequency control system. There are many '
‘variations of the basic AFC system, but the analysist
"presented here will be 11m1ted to the system shown in
,mFlgure 1. The system contalns the_follow1ng. (1) an -
oscillator with a nomiual frequencydequal to the desired
output frequency; (2) some form of uariable reactance Or‘
other means for voltage control of the frequency of the
_oscxllator; (3) a frequency dlscrlmlnator which detects
any dlfference in the output frequency and the desrred
_output frequency, and (4) a low-pass filter whlch fllters
~the output voltage of the-frequency discriminator to
remove‘any modulation compouents before it:is applied
to the variable'reactance of the'oscillator;_'in the
'analy51s of the system shown in Figure 1, 1t will be
assumed that addltlonal ampllflers can be used to
.provide the desired value of loop gain. |

- Qualltatlvely, the operation of the system can be
' understood by reallzlng that the dlscrlmlnator produces
a dc output voltage which is proportlonal to the difference
in.frequemcy of the output of the oscillator~and the center

4
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frequency of the discriminator. This voltage‘is applied..
to the variable reactance in the oecillatcr circuit in
such a manner that the frequency of the oscillator is
- pulled closer to the center frequency ofrthe'discrimina-
| tor. Since the direct voltage output cf the discriminator
is caused by the difference between the frequency cf the
,osc111ator and the center frequency of the discriminator,
it is obvious that the frequency error cannot be reduced
to zero. However, it has been shown that thlS error |
can be made very small [6]. | |

In the system analysis the discriminator characteristic
and the change in osc111ator frequency caused by the
.varlable reactance tuning the OSClllator will be assumed
to be 11near. Practically these aSSumpticns ‘are valid
cnly over a given region of operaticn. The autcmatic
frequency control cannot be expected to stabllize a
signal which 11es outside the range of operation of the.
| discriminator. Usually poorer stability results as the
range of the discriminator is 1ncreased.

There are certain properties of the automatic
frequency‘controlzsystemlwhich are of great 1nterest.
The more important of these.include the'capture'range,
the‘hold—in‘range, and the filter bandwidth.‘ Tnese-

properties will be discussed throughout the-analysis and

design of the AFC system.
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Shown in Figure 2(a) and 2(b) are mathematlcal

models of the AFC system that w111 be used in the analy51s.

In Flgure 2(a) the gain of the dlscrlmlnator in volts .

per Hz is denoted by K,. K, represents the gain of the

voltage-controlled oscillator in Hz per‘volt. G(s) is

the frequency-depen&ent part of the oéen—loop transfer

_function of which the most SLgnlflcant term is the low—

pass fllter transfer functlon. K3 is dlmen51onless and

1nc1;éé§ the gain of any ampllflers and summing junctlons.

The output frequency, fo' is thelsum of the uncompensated

voltage-controlled oscillator (VCO) frequency, fa' and a

compensation term, f ebtained by passing the‘butput of

o’
the oscillator through'the‘discriminetor with a center
freqﬁenc? of_fd.
- The_clesed—loop response fef the equivalent system
shown in Figure 2(b) is giﬁen by: |

F = Fa+XG(S) Fy L
I+ K@ (5 [ ¢ 3]

where K is a dimensionless gain constaht_obtained bj
combining'the various'gains.

It is necessary to pick a particular ﬁalue ferlG(S)
if any conclusions are to be drawn from (1); ‘If the loﬁ—
pass filter shown in Figure 3 is used, the transfer.function
is.given by: | |

G(S) = 1 AR
- TRES + 1 S (2)



——® K3G(S) kK, (Hz/y,)

. _'_('a)

KG (Sl}

- F'Q(S)

- {b).

. Note: F,(S) is.the']_e:lplac;e transform o'f‘fa(t) :
‘Fd(S)'is the Laplace transform of f3(t) |

F.(8) is the Laplace transform of fc(t)i‘

FIGURE 2.--{a) Mathematical model of AFC loop; (b)
Equivalent simplified model of AFC loop -
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FIGURE 3.-~An RC low=-pass filter
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Using this G (8) in (1) and rearranging terms yields the
fellowing closed-loop response |

F, = Fq ¢+ a d

.1+ K/(RCS + 1) - (3)

: Eﬁblchng_the final value theorem [7], and noting that

4 and fd‘are constants, gives the'steady-state solution

T FE )

Equation (4) shows that the output frequency
dlffers from the reference frequency f by an amount
equal to the dev:Lat:Lon of the uncompensated VCO frequency
‘from the discriminator center frequency dlvided'by one |
plus the 0peneloop gain. If the steady—state error is
to approech zero, a very high loop gainlis required |

The dlfference between the actual output frequency

and the de51red frequency is glven by [8]

Af = Afa '+ EK&Ofg
0

1+ K 1+ K S (5)

o where _ | |
. 'A',fo = Ifo - f’o
af, = £, --Ea
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and the "barred" guantities represent the free running
or designed values. If the fréquency stability, f ’

is defined as

§ =

-H\b:
I

X 100 % I (6)
then from {(5), the output stability i$

£ - 1 (1 -£18 + K

o B

§ (M

where 5; is the output stability in percént, &m is thé
VOltage—controlled_pscillafor stability in percent, and SJ
is the discriminator stability in pefceht. Note that Jo
is dependent upon the frequency error.in the system.

Oncé the loop has control,the error in frequency R

will be small enocugh to make the approximétions

- f
cf.  ~
£q 0

£
-d ~
/g, =1

- if the open-loop_gain'is'made large enough. With these
approximations and rearranéement of (7) the output stability

can be approximated as

JL = J; + ,é;_;Lé;__

T+K " (8)
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When JL and j; have_thg same sign, the stability
of the output fregquency can, at best, be no better than .
~the stability of the-cehter frequency of the discriminéto;.

Typical'values of &, and & can be found to illus-
trate how (8) can be used to determlne the value of open-
‘loop galn requlred for a given output stability. A
typical value of {l of two percent w111,cover  all'changes-
in vCO frequenciés, including initial ﬁanﬁfacturing
folerances, ﬁariations due to temperatﬁre.as well as_aging:
effects (9]1. A typical wvalue of.a é'.05 percent will
cover all changés in the center frequency of the dis-~
criminator due to temperéture variations and agiﬁg. A
discriminator with a center .fre.quendy stability of & < .05%
was constructed; therefore .05 percent is.a‘realistic
' vglue. If a étability of .06 percent is desired~in the
_outﬁut frequéncy, then from (8) an opén 1oop_gain, K, of
: 194 or about 45.7 db is requlred |

If ;n inductor is added in the series arm of the
filter shown in Figure 3, the behavior of AFC loop will
be altered. The filter with the ipductor,is shown in
Figure 4; |

The transfer‘funcﬁion‘associated with the filter in

Figure 4 is

: 1 ' . . {9)
G(s) = S°LC + RCS+1 e
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—— T

10

FIGURE 4.--A three-element low-pass filter
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The closed -loop response, using this filter trans-

fer function, is

_ Fa + KFg/(S2LC+RCS+1) |

© 14K/ (S2LC+RCS+1) (10)
' Equation (10) may be rearranged to yield
¢ = Fg(S?LC+RCS+1) + KFg )
Fg = 2 . ,
S2LCH+RCS+K+1 : (11}

. Because the highest power ofls.iﬁ the denominator.
of the transfer functionlis,two,'this loop is known as
a "second-order loop."” The secoﬁdforderfioop‘is.wideiy
used becapsé of its simplicity And'good performance.
Iﬁ the.final value thEOrem_is‘uséd, then the result
is the same as when the RC filter was used and is given
Cin (4) With‘this filter a high gain.is required to -
.ﬁold the output frequehcy to.the :eferencg freqﬁency.
If'the same methods of analysis that were.used to analyze 
the ﬁC‘filter are used here, it can be shown that the
output stability is'rélated to the sfabilities of the
individual components as previously givén ih_(Bf.

The system may be.aﬁaiyzed with the error frequency

as the input‘and the correction frequency as thé output
fo: added insight int§ the performance of the system., Shown

in Figure 5 is the AFC loop with the configuratibn' )
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Discrimin-
ator 4+—

Low~—
Pass

Filter

Voltage -
Controlled

Oscillator

Note: F_ (S) is the Laplace transform of fa (t)

Feo (S) is the Laplace transform of £fe (t)

FIGURE 5.--A block diagram of an AFC system

W= F . (5)
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menfioned above.

In Figure 5 the input, £, is the frequency error
 0£ the system. The output, £ is'téien to.be the
- correction term which_t@e system produces; It will be
of interest to see how closely the output can follow the
input for this arrangément. The actual 6utput freqﬁency
is not observable in this arrangémentibut is‘given by

£ (11y

fa + fe>- fc
where

f"=,output frequency

.£f_ = free-running frequency of oscillatér

a
fe = frequency error term
f, = correction term

For a constant output frequency, fé should'folibw fo #erf:

'closeiy._ | -
A simplified ﬁodel of the system-ih Figure‘5 is‘shown

in Figuré'G; The closed-loop response of the‘éystem_in

- Figure 6 is - | |

¢ -_K G(S)

¢ 1+kG(s) Te (12)

The error or actuating signal, E, is related to the

input by
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K -—-—l- - G(S) - & F _(S)

Note: F.(S) is the Laplace transform of fc(t)
- Fg(S) is the Laplace transform of f_(t)

.E(S) is the taplace transform of the_érror signal,

e (t)

FIGURE 6.--Simplified mathematical model of syétem shown
in Figure 5 ' S
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Es Re® Fe 0 a3
1f fhe transfer function, G(S);for the fiiter in j
 Figure 3 is used in (12), then the éystem is analogous
to the non-integrating system found in servomechanismé‘
.-[10]'and will have é steady—étate error to a_ste§ function
in frequency. It must be emphasized thatrthe AFC loop
must have a finite freéuenéy érro? to funcfion. This
error may be made very small but canﬁot be eliminated;' ‘
" If the filter of Figure 3 is uééd'in the feedback

path, the loop transfer function may be written as

HS) = - = emoe e
wheré‘ T =RC is the fime constaﬁt of the filter. 'fhere
are two parameters which can be varied, T and the opeﬁ--
1oc1»p'g<':1-in,r K. Sincé there are only two quantities to
consider-in the design, the bandwidfh of the fi1ter}
and the gain,; they maylbe chosen complefely iﬁdépendeﬂtly
of éachlother, ' _ | | |

" If the filter shown in Figure 4 is used, the closed-

~ loop response is

= K ' | _ .
Fe > Fo (15)
LCS5“+ RCS + l + K e :

Equation (15) may be rearranged to yield
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F SZF 2F@. S * Wp | (16)
where
A= R/LC
| Wa= 1K
T NIc
=S R C |
m‘f'r ) T{I+K)

The parameter am\is.the undamped natural freguency, and ¥
is the damping ratio. The response of thé sysﬁem
depends-upon the values bf Qg aﬁd ¥ . The aﬁouhf of
damping (¥ ) determines the oécillatofy nature of thé
response; and W, affects the rise time. The_fxequéncy
response for several values of damping factor ( ) is
plotted in Figure 7 [l11]. | '7

' "It can be seen that the feedback loop(petfbrmé the
low;pasé_filtering operation which is neceSsary-in a
freqhenby4modulated system. The feedback loop must not
compensate for variations in frequenéy dﬁe to‘mddulatioh
but must compensate only the slower variations due to |
frandom effects. The bandwidth of the filter‘can be chosen
so that only the variations due to'random effécts aré
compenséted. The response of the entire system will

be determined by the values chosen for 1, tﬁn ; and A.
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12

—12}

0.02 0.l 0.2

FIGURE 7. --The frequency response of a second—order system
for several values of :
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There are four.circuit-perameters aveilable (K, L, C,
and R), and there are three locp parametere to be deter-
"~ mined (G4, f , and the open-loop gein)._ Therefore the
loop parameters can be chosen independenrly of each other.
A high gain can be chosen for a low errcr; values-foreL.
eﬁd C can then be chosen to give,the'best natural frequency.
R is then available to determine the damping-ratio inde-
‘pendently of the gain and uhdamped natural frequehcy.”

If the osc111ator and discriminator were not
limited tc some region of operatlon, the system would
capture and hold to the center frequency of the dlscrlmlna—
tor any frequency at wh:l.ch the voltage-controlled -
050111ator oscillates. Practlcally, there are phy51cal

llmltatlons which are dlscussed in the de51gn sectlon.



ITI. DESIGN CONSIDERATIONS

There may be many requirements placed on a voltage-
éentrolled oscillator. These requirements depend upon
the appllcatlon for whlch the osc1llator is used. Some
of the more lmportant requlrements are:

(1) Large tuning range.'

(2) Reasonable rate of change in frequency with‘

respect to a chanée in voitage;e

(3) Capability for accepting wiﬁe-bahd freguency

moduiation. : |
.These-requirements usually conflict with each cher-and
for this reason a compromise in the design of_the'VCO
must be reached.

" The most common types of voltage-contrelled oscillaters
in_use are: crystal 0501llators, LC osc1llators, and RC
multivibrators. Of these the crystal 0501llator (VCXO)
is the‘mQSt stable, and the RC multivibrator is the least
stable. 'ﬁhen high-Q crystals are ueed_in the VCX0, for

_greatest stabilit§, the frequency deviation renge is
small.‘ Crystal parameters are also temperatUre sensitive
to some extent. Temperature changes and fluctﬁations need
to be avoided. - |

22
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‘If.a &ider deviatioh range is-required, stability
must be sacrificed. An LC'oseillatp; having a wider
deviation range canrstill maintain feir stabiiity of
" frequency. The Hartley, Colpitts, aed Clapp circuits are
fédmmonly used for this.purpose. Although saturable in-
ductors have been used for the tuning element, the-
“varactor can glve good results if used for this purpose.
- A varactor is a semlconductor ]unctlon diode hav1ng a
capacitance proportional to the reverse'blas across its
terminals. There are two major limitations to using |
a varactor for voltage tuning. These limitatiOps aret
due to: | | | :
| (1), degradation iﬁ the circuit quality factor, Q,

'tz)' ‘the flnlte tuning range implied. by the max1mum‘

capac1tance of the diode.

“‘Howevet, the‘convenience of‘the varacter'often offsets
these disadvantages.
| ' If a large‘tuninq range is much more iméoftant than
stability;_then.relaxation oscillators such asfmeltivi—
brators and blocking oscillators can be,used at a lower -
cost. The operating frequencies of these oscillators have
been limited to a few megacycles, but the linearity of
frequency versue controi voltage is usually Vefy good; 

The analysis of the AFC system has been based on the

assumption that the discriminator is a linear device..
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This assumptiph,‘which ié‘good for small errors, is.
completely invalidated as the érror ;ncreases. Figure 
8 [12] shows the relétionship betweeﬁ the inpdt'frequenpy‘
‘and the output voltage of a typical discfiminator. The
distaﬁce‘between the two maxima is often called the péak
séparéﬁiﬁhior, sometimes, the bandwidth of the discriminaé
tor. Over the range of frequencies.included in the
bandwidth,'the‘discriminatof will provide é dc voitagé 
whose amplitude is approximately linearly related to fhé
frequency deviatidn. ‘The slope of ﬁhe line in Figure 8
is a measure‘ofrthe sensitiVity of the discriminatbr and
is_greatest at thercenter-frequeﬁcy,' Theiéctuai pull?in
fange, 6r‘capture range; of the system will depend upon
tpe oééillatq;, the amplifier characteristics and ﬁhe
characfe:istics of the discriminator.. In some éases tﬁer
bandwidth of the discriminator may be the limiting factor
' iﬁ détermining the range of ffequencies which may be com-
pensated. If this is true and if the loop haé-sufficiently
high'éain,.any frequency deviation can be_éorrected'if
the'output.of the discriminator can be detected;r Here
“deteéted" implies .that the magnitude of thé outﬁut signal
-exceeds.that of any random perturbations in tﬁe‘system.'
When the sigﬁal becomes too small, the offset vdltage.§f
a dclamplifier, if one is used, quite often‘obscuresnit.

Another guantity of interest is the hold—in range of
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V(Volts)

- f

g Frequency (Hz ) '

FIGURE 8.--Typical characteristic curve of a discriminator
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the loop. This is a measure of how well the feedback
loop will hoid the oscillator frequency to the desiredlr
freqﬁency onee thelfeedback‘loop has gained control over
the system. TIf the system is'entirely linear and the.l
galn is suff1c1ently high, the output frequency will be
" held to fd regardless of the variation of parameters of
‘the oscillator. ‘However,'as with all-physical components,
a’saturation poitt, beyond whieh no amount of_éain cah. |
correct the frequencf,is reached.l The loop amplifierlhas-
some maximum voltage that it can deiiver and the varactor
qf:the oscillator has some maximﬁm voltage'that,it can
accept.- If either of these limits is exceeded, the 1009
loses contrel. Theluﬂd?in.range, then, is determiﬁed by
these quantities. If it is assumed the varactqr tthes
the oséillatqr over a range of frequencies much larger
. than- the bandwidth of the discriminator, it is found that
the hold-in range exceeds the pull-in raﬁge.' Thls is due
- to the fact that the pull in range is dependent upon the
region of the dlscrlmlnator curve where the magnltude of
the correction voltage is very low whereas . the hold—ln |
range is practlcally independent of the exact nature of
the dlscrlmlnator curve if suff1c1ent ‘gain is used in the
loop.

Usually a loop gain‘greeter than the cembined gain

of the diseriminator, oscillator, and filter is desired.
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' ihis gain nay be provided by an amplifier which may_
introduce new problems such as offset voltages and
-:drlft. An offset voltage is the largest problem if a dc
iampllfler is used to ampllfy the error voltage from the

'dlscrlmlnator. If 1ntegrated—c1rcu1t operatlonal ampll-

_;rflers are used, the offset voltage can be reduced to a

-mlnlmum, ‘and the de51red gaihn may be obtalned. However,
_for temperature varlatlons, drlft in the offset voltage
can occur thereby limiting both the capture range and the”
hold-in range severely. o |
The characterlstlcs of the low-pass fllter are deter-
;mlned by the type of frlter used Proper values for the
elements mast be chosen so that the loop w111 not attempt
to follow changes in frequency due to the lowest rate
of frequencv modulation. 'The filter must be carefﬁlly'
“‘designed‘as the response of the entire loop'depends
l upon 1ts characterlstlcs. | |
- To demonstrate that a wide tuning band is compatrblel
With,good stablllty, a varactor-tuned LC,osc1llator has
"been constructed} The:oscillator circuit,‘Showndin-'
figure 9, employs a Motorola 2N440? transistorin.a'
. Colpitts configurationrwith-the Clapp modificationa The -
'-varactor chosen to tune the circuit should have a range
of capac1tance which allows tuning of the osc1llator over

the desired frequency range. As mentloned prev1ously,.
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Note: All values are in ohms, millihenries or microfarads
unless otherwise indicated.

The transistor is a Motorola 2N4402.

FIGURE.Q.——A varactor-tuned LC oscillatdr
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' the degradation of the quality factor, Q, of the tuned
circui£ must also be taken into consideranion.

The voitage applied across the'diode junction deterf
mines the capacitance of the varactof and, therefore, the
resonant frequency of the tuned circuit. Since the
o varectqr'has some minimum capacitance at the breakdown
.voltage, there is a maximum resonant frequency. The
yeracten also hae a maximum cepacitanee, which is'deter-
mihéa by the highest forward voltage, Vnin’ that can be
apblied before forward conduction cnrrentlend‘noise become
intolerable. Cmax is usually much greater than Cﬁin' end
Vit.deteimines the minimum ;esonant freqnency. The ratio
'pf maximum tb minimum'capaeitence ef the varactor is a
good'indication of the ability of fhe varactor to tune

the oscillator over a wide frequency range since

- ‘Wmin | _ - -';._"'-- -
. Wpax 1lgm_«-fu: | S an
_ min o : :

Aside from limitations on the capacitance of ‘the .diode,

the'tuning range may be restricted by the losses in the

varactor. The quality factor, Q, of a tuned circuit is

- given by

0= Q0 I N
- QtQc o . (18)

where Q, is the Q of the inductor at the resonant
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frequency and Q, is the Q of the capacitance of the
tuned circuit and is a function of the applied voltage , A

The Q of a varactor is given by

% Vo) = BIVIRLV) a9

S ) _ _ =
.where td is the resonant radlan frequency,.lﬂa , and

Rg .1s the series resrstance of the varactor. If (19) is

rearranged and the definition of &J used, 1t is found

that _
S Wyvo T - -
Q Vg = TR (20

Thus the Q of the varactor varies llnearly with the

resonant frequency. The maximum Q is obtalned at the
maxlmum resonant frequency which occurs when the applled
voltage is near the breakdown voltage. In some cases

there may be values of O, below some spec1f1c value. Whlch
‘are intolerable, in which case, the ‘minimum resonant
frequency would be that frequency at which the.spec1fiedi
minrmum Qé‘is reached Therefore in some cases ‘the minimum
resonant frequency may be dlctated by the maxlmum capac1tance
of the varactor, and in other cases by the mlnlmum tolerable
Q. | ‘
| There nay be additional restrictions on the varactor

if the rf power level is large. The a?erage capacitance,

C which determines the resonant frequency, depends
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upon the drive level as well as the bias voltage.
Another restriction on the allbwed.vériation of voltage.
Vo also,exiéts; it can no longer rahée from Vmin to the
breakdown voltage Vg. A third restriction is that the
—rf power dissipated in the varactor may be too great,
;either.because it eiceeds the dissipatibn rating of the
.diode, or because the tank circuit efficiency is lowered.

For a sinusoidal voltage‘applied across the vara¢tor}
the average capécitance Cb will be a function of the |
tuﬁing voltége. However, it is alsb é function of the rf
power level. Penfield has shown that the dissipated rf

power of a varactor is related to the rf level by [13]

W, o
norm o ; (21),

.p = .281 a2 P
‘ [ o}

where (W_ is the resonant frequency,Wq is the cut-off

frequency at the breakdown voltage, P

norm +% the

‘varactor normalization power { §B+vﬁin), and "a" ié thé:
ratio of peak—to-peak'rf charge io the maximum stored |
charge of the varactor. By this definition it is seen
that "a" is restricted to lie between zero (ﬂolrf
excitation) and one (fuli excitation).

For a specific power level the range of‘\lfo is.
resﬁricted since &Jr'is dependent upon V. Thﬁs, as the

power level increases, the tuning range decreases. This

restriction on Vo arises because of the requirementithat the
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1nstantaneous voltage (the sum of the dc bias voltage and,
the 1nstantaneous rf voltage) must lie between V_ and V
If the rf—voltage swing is very large, then V cannot
move very far before either the positive or negative
peaks exceed the possible voltage range.
Thls discussion has 1nd1cated that for the largest

tuning range, a varactor w1th a high ratlo of Chnax to

Cnin should be used. 1In addition, extra capac1t1ve

‘energy storage should be avoided. If the varactor is in

series with additional capacitors, both cmax and Chin
will be decreased by this capacitance and the tuning
range Qill suffer. |

The varactor used.in the circﬁit model was a
parallei combination of five Microwave Associates, Inc.

diodes, type MA4324F, each having the characteristic

of (1) a breakdown voltage of -24 volts, (2) a nominal

'capac1tance of 10-20 plcofarads, and (3) a serles

re31stance of less than 1.3 ohms .

The performance of varactors.used for tunlng is
dlscussed in the literature [14]. |

To allow for a wider tunlng range all capac1ters in
the tuned circuit have a much higher value of eapa01tance
than does the diode.: | |

The inductors L, and L, are radlo—frequency chokes

used to isolate the dc supply from the rf circuit of the
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| oscillétor. They presen£ a high impedance at 440 kHz,
which is the designed frequencf of oscillation.

A modified version of the FostefvSeeley discrimingtor
was used in the constructed quel. A schematic diagram
is shown in Figure 10. The feedthrough from the priméry
to the é;condary is to a node spllttlng the capac1tance
1nstead of the center tap of the secondary coil as is
often seen. The typical output of thls dlscrlmlnator:.
ié similar to the one shown in Figu:e 8. The gain of
the discriminator is dependent upon the magnitude of the '
inpﬁt.voltage.' For thiS';eason it is desiréd thaf'the
amplitudé of thé input signal be'la:gé. A large input
signa® is also required to drive the diodes of the-
discriminator far into the conduction region. .Thié is
necesséry to prevent a dead zone near the resonént |
' frequenéy of therdisgriminator due to poof cbnduction
of the diodes. . o

- -To inc:easé the aﬁplitude of the signal;laﬁ amplifier
preceded the discriminator. A Fai?ghild#l709-C'integrated
circuit operational amplifier was used for this.purpose. -
Itffﬁiloﬁed a tran;istor amplifier which buffeféd the
ﬂtuned éircuit of the oscillator. The circuit'cénfigﬁratidn
of this amplifier is shown in Figure 11{(a). The output
swing of the operational amplifier was 22 vélts. |

To increase the total loop gain,adcamplifier
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FIGURE 10.--A modified Foster-Seeley discriminator
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IOK

' FIGURE 1l.--(a) Inverting operational amplifier with
frequency compensation; (b) Non-inverting dc amplifier
with frequency compensation and offset compensation _
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"followed the discriminator. A Fairchild {#709-C high
performance operationél amplifier wifh a high gain and a
low offset voltage was used. The circuit configuratioﬁ
of the Fairchild }709~C dc amplifier is shown in Figure

11(b), and the pertinent specifications are given in .

‘Table I.
) . TABLE I |
SPECIFICATIONS OF THE A <709-C OPERATIONAL
. AMPLIFIER : : ‘
Quantity , ' Value -
supply Qoltage IR AA7-i 18 volts
input voltage o _ "+ 10 volts
operating temperature range 0°C to 70°C
input‘offset voltage ' | 10 nv‘typical
input offset current . 750 na typical
transient response
. .rise time ' . 1.0 as (max)
overshoot o ~ 30% (max)

" —
Fairchild semiconductor

Despite the exceptional characteristics of this.
operétional amplifier, it places certain restrictions on
the automatic frequency control loop. The two most

important restrictions are due to its temperature operating
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rahgé and the input—offsét voltage. .
A schematic diagram of the automatic frequency
contrcl system is shown in Figure 12. 1In this case
the type low-pass filter used is dicfated by the con-
figuration of the oscillator circuit. Ihe filter coﬁsists'

ff
to isolate, dc wise, the varactor anode from ground

of'Rf,-Lf, and C shown in Figure 12. Cf is neceésary
potential.. Twe things must‘be remembered when choosiﬁg

" a valde for this capacitor. Since it is_pért of the
filter, it affects the response of the syétem_to én
erfor. This capacitor also dete;mines the tuninglrange
to some extent. For the-tuning range_to'be a méximum,
'this cap;citance must bé much.greater than thét.of‘the
?aractor; ?he inductor, Le, is also requixed:becaﬁse of
the cifcuit confiéuratiOn. - It isolates the rf 6f the |

oscillator from the output of the operational amplifier.

-

The coil must present a high.impedance at,the-frequency':
- of the oscillator (440akHz); |

:Théré are many possible filterlparémeters which will
give desirable performance. These ﬁérameters depend
upon the criteria .of performance and the néture'of modula-
-.tion of.the oscillator. The procedure is as fbllowsﬁ

(1) determine the gain required for the stability
desired; (2) using the equations from the preceding

section, determine values for Lf and Cf to give the"
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FIGURE 12.f;A'schematic diagram of the AFC system
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wanted'ﬂk;(3) choose Rg to give optimum'daﬁping for the

loop.

In genéral;'it is desirable thﬁt opéfatibn of the
éircuit should not afféct the amplitude bf the oscillations
but should aét to vary the frequency énly. Fbr better
sgnsitiﬁity, a largé'change in frequencf should be produced
by a:smal; change in the control bias of the oscillator.-
This relationship should hdld-ovef a éufficient freqﬁéncyn
intervai to take care of the greatest amount of unwanted
mistuning or oscillator drift that will normally be met.

/



IV. EXPERIMENTAL RESULTS

Duelto the-unavaiiability of a diode with sufficient
‘capacitance; the varactOr'used in the oscillator wasva
éaralleilcombination'of five individual diodes. The
voltageecapacitahce curve fot.the combihed diodes is |
shown in Figure 13. o i | | |

The varactor was biased at Vo = -4 volte with a
quiescent capacitance, Cyr of 113 Pf. The limit which the
oscillator places on the capture and hold-in ranges can
be observed from the curve in Flgure 13. The total volt-
.age applied to the varactor, which is the sum of the blas
'voltage,‘the correction voltage and ‘the rf voltage, muet

not dtive the voltage across the diode past the break- A
down voltage,.vs. it-can be seen from the curve in
Flgure 13 that the lower limit on the capac1tance,

" Cpins is 65 pf. If it is assumed that zero volts is the
| higheet aéplied voltage, C

max has the value 217-pf. This

ratio of C ., to Gy, will give a frequency tuhingrrange'
of about 200 kHz. A plot of the change in frequency
versus the error voltage is shown in Figure'14; The gain
of the oscillator in Hertz per volt is found by determining

the slope of the line in Figure 14. 1In the reéion around

40
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FIGURE 14.--The change in freguency versus the error
voltage applied to the varactor of the oscillator



‘43

_the hias point'the curve can be approximated by a straight

line with a slope of 17.5 kﬂz per volt. 1If the error

'-_'voltage does not exceed 1.5 volts, the assumptlon that

- the oscillator characteristic curve is approxlmately
llnear is valld. | o

Envrronmental temperature is probably the most 1mpor~‘
tant variable affecting the stability of the oscillator,
. especially if it is to be used over_a wide rahge of
itemperatures. To determine the effect of a change in
"temperature on the frequency'of oscillation, the oscillator
was placed 1n an environmental chamber 1n which the | '
temperature was varled from 5°C to 70° C. The automatlc’
:frecuency loop was not'closed, and. the oscillator was
allowed to take on its free running frequency . The
results of this test are shown in Figure 15. |

‘The-curve in Figure 15, while certaiuly not linear,
has‘a-pfedictable fcrﬁ. As the temperature iucreases
the.frequency decreases, which perhaps could be expected -
‘since the LC parameters determlnlng the frequency of
050111at10n are related to temperature [15] The overall
stability of the oscillator.over a 70° degree temperature
"range is about 1.5%. |

- The stability of the center frequency of.the discrim-
Vinator‘is of particular interest. It has been shown ih.

the analysis that the closed loop stability is dependent



44

Frequency deviation (Hz)

FIGURE 15.--The frequency deviation of the oscillator
versus temperature of the oscillator
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'on_tﬁe stébility'of the center frequenéy of thé discrim-
inator. Tﬁe change‘in the center frequency of the |
discriﬁinétor is plotfed égainst temperature in Figure
”15; The stability of this discriminator over a 70°
'temperatu;e'range'is'abouﬁ 1%, The‘slope‘of-the cﬁ:ve
: in Figure 16 is npt-fixed; A small capacitbr placed
in*paréllél with one of the capacitors in the secondarf
circuit can either increase or decrease the slope of .
the curﬁe:'deéending upbn Qhether ﬁhe capacitors have
teﬁperature'coefficients of capacitance qf the same or
opposite signs. The significance of ﬁhis is seen by
flooking at (8); which isfrewritteh.below.
Somdr S

;'Thé.dutéut stability will be less than 6r greatér 
than the stability of the discriminator;cénter frequency
if”the‘oscillafof sfability and the discriminator center
Vfreqﬁenéf stability are of the same or opposité signs réépeé—
' tively. While some variables caﬁse random'changes in the
| outéut fzéquency; it is shown ianigure 15 that'variations
due to temperature are'prédictable. Capacitivg compepsa¥
_ tion cah be used to make the slope.of the discriminétor
frequeﬁcy vefsﬁs'temperaturé.curve to be of opposite‘sign
thah thét of the oscillator frequency versus teﬁperatﬁre

curve. This tends to mkae the output frequency more
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FIGURE 16.--The change in center frequency of ‘discriminator
' versus temperature of discriminator
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acéurate than the center.frequencylof the discriminator.
The eéidenqe of this is shown in Figure 17.

The stability 6f the entire loob over a 70° tempe;ature
variation:is_abbut .05%, compared with 1;5% for the
_ oscillator andlabout ,i% for the discri@inator. Wheﬁ the
'hqid#in fange énd the capture range az;e discussed, fhe‘ |
characteristic curve of the discriminator can be helpful.
Fpr a'chStant temperature'the‘outpuf voltage waé meééured
as;the input frequeﬁcy was ﬁaried. The resuits are shdwn'
in Figure 18. The bandwidth of ihié discriminator was |
aﬁéroximately 20 kHz. ‘The'curvé is féirly linearibetween
743Q'kH£ and 450 kﬁi;_ The gain constant of the discrimina-
tor, Rli is the slopé of the curve; 'For freéuencies near
thg fesdnant frequenéy the'curvé can be approximafed by
a étraight line with slope of .52 volts'per kHé. The
range'ovér which the output can be detected exceeds 200
.A plot of the'closed—loop compensated frequency
fersus tQé qncompenéated frequency of the open 100§ is
shoﬁn in Figure 19. The ﬁold-in range and the capture
‘ réngé canjbe-determined from the curve in Figure 19.
'It-was'found_for'the model constructed that neither rahge'
was determined at the lower limit by the discriminator.

At a frequency of 360 kHz, where the conditions necessary

for oscillation failed to be satisfied by the oscillator,
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FIGURE 17.--The change in closed-loop osc1llator frequency
versus temperature
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open-loop uncompensated freguency for a constant
temperature :



' fhe A}C loop was sti;l functioning. The frequency of
oscillétion was changed by detuning the coil in the

tuned circuit of the oscillator. This range of inducténce
of the coil:prevented detuning of the output .to frequeﬁcies
over 545 kHz. This frequency of 545 kHz was still within

the hold-in range and the pull-in range of the automatic

frequency control loop.



V. CONCLUSIONS

The principles of operatioh of a simple automatic
frequency‘egntrol‘system utilizing a Colpitts oscillator,

a varactor modulator, and a discriminator Were_discussed
and a ﬁathematical analysis of this system was presented.
'Fioﬁ_tﬁie analysis it was shown that the frequency sta;
Bility of.the controlled oscillator is dependent upen‘
the_stability of the-center frequency of_the‘discriminatqf,
the open-loop gain of the system, and the oﬁen—loop , -
frequeecy of fhe'oscillator.

Design considerations, drawn from this anelysis, wefe
presented, and the physical limitations encountered in
the design of a system were discussed.

A model of the autcmatic freguency control system was
designed_end constructed. The discriminetor was teﬁpere—
'tﬁre compensated to improve its eenter frequeﬁcy stabiiity;
It was shown, from the several tests performed on the |
model, th;t the accuracy of the output frequenef-can exceed
that of the center, or reference, frequency of the discrim—
inator. it was shown, by using a disc:iminator with a
center frequency-stability of 0.1 percent apd en osciilator

with a frequency stability of 1.5 percent over a temperature

range of 5°C to 70°C, that the overall stability can exceed

.05 percent.
52
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